It is proposed that classifications used in science are of two main types; those which are designed to solve practical problems and which are based on conventions, and those which are designed to solve theoretical problems, based on theories, and in which the classes are tested by experiment. An attempt has been made to construct a preliminary classification of viruses which is of the second type. It is based on the theories of molecular biology, with the use of computer-based comparisons of the molecular weights and base ratios of viral nucleic acids to assign the viruses to clusters which show a high degree of correlation with groupings based on nucleic acid hybridization, serological cross-reactions, and phenotypic properties.
Some classifications consist of a number of scientific theories and hypotheses, where "scientific" is used to describe statements which can be disproved by experiment or observation (61) . These classifications will be described as "scientific" in this limited sense. Other classifications are scientific in the wider sense since they are necessary for the development and use of scientific knowledge and involve the use of experimental methods to determine the properties of the entities, but they are based on conventions rather than on scientific theories. A "conventional" classification may itself suggest a theory on which a "scientific" classification can be based. In the section on Principles and Methods in this paper, this philosophy of classification is applied to the problem of classifying viruses. In the section on Data and Results, an attempt to construct a preliminary "scientific" classification of viruses is described.
PRINCIPLES AND METHODS
Convention and theory. A convention is an agreed usage designed to solve a practical problem. It can be neither proved nor disproved because it makes no assertion about reality; it will be accepted if it is useful, ignored if it is not.
A scientific theory is a universal statement which explains a number of observed phenomena and which can be disproved by an experiment; it contradicts a class of basic statements, the class of potential falsifiers of the theory (61) . A theory is corroborated if, in spite of frequent experimental challenge, we are unable to disprove it. A theory cannot be proved by "inductive" logic, nor can its degree of corroboration be equated with a probability (61).
Conventional and "scientific" classifications. A conventional classification is designed to solve a practical problem; it is based on a convention as to which properties of a set of entities shall be used to divide them into classes.
A "scientific" classification is designed to solve a theoretical problem. It is based on a scientific theory, the initial theory, which attempts to account for the properties of the entities and the distribution of those properties within the population of entities. The entities are put in classes, and an independent hypothesis is proposed for each class. The hypotheses state that members of a given class are related with respect to the initial theory, but that no such relationship exists among members of different classes. The class hypotheses and the initial theory are continually tested by experiment. The classification is improved by the proposal of more and more informative and corroborated theories and hypotheses, and by the rejection or modification of theories and hy BELLETT clature is conventional; it may be, but need not be, based on a classification. A "scientific" classification changes constantly in a new and expanding field, and is not a suitable basis for nomenclature under these conditions.
Class of all Viruses
The class of all viruses is a conventional class; any precise definition of "virus" which is adopted must be arbitrary, and it cannot be concluded that all entities which satisfy the definition are related, or that no virus is related to any entity which is excluded from the class (87) . To construct a "scientific" classification of viruses, one can begin by classifying those entities which satisfy the suggested definition of viruses but relationships outside the conventional class should also be sought. I shall use the term "viruses" to refer to a class of entities defined by the sum of the properties listed under "viruses" in Table 3 of Lwoff (44) (9, 26) . My main concern is to point out that the classification is conventional; once this is accepted, it follows that its survival should depend only on its utility. It does not claim to be "scientific," and can therefore not be criticized on the grounds that it is arbitrary.
Adansonian principle and the proposals of Gibbs et al. (26) . Gibbs et al. (26) are also more concerned with nomenclature than with classification, but treat the two problems separately. They propose that viruses should eventually be classified on the Adansonian principle that all characters have equal weight, by use of the computerbased numerical technique developed by Sneath (75) .
The Adansonian principle is a convention; it proposes no theory as to what determines the properties which are used in classification, or why they must all be considered equally important. Williams and Lance (88) (26) ; they may be unbiased given ideal data but are not necessarily "scientific" as defined here.
Modern classification programs can deal with a small number of characters, either quantitative or qualitative (40, 41, 88) . They can be used to produce conventional classifications for a defined purpose or an undefined and potentially infinite number of purposes (29) , or, given an initial theory and appropriate empirical tests, they can be used to construct profitable class hypotheses.
Proposals for a Preliminary "Scientific"
Classification of Viruses The systems discussed in the previous section were designed to solve the practical problems of naming and identifying viruses, and were not concerned with their natural relationships. Some viruses have been shown to be genetically related by nucleic acid hybridization experiments (Table  2 ), but as yet no general "scientific" classification of viruses has been attempted. Such a classification will basically be a system for the proposal and testing of solutions to the theoretical problems of what determines the properties of viruses and the distribution of these properties among different viruses, just as the periodic table has been concerned with theories which account for the distribution of properties among different elements.
The "central dogma" of molecular biology is a highly informative and corroborated scientific theory and is suitable as an initial theory for the classification of viruses. Similar approaches to the classification of bacteria (48) , mycoplasmas (62) , and higher organisms (34) have been proposed. For the purpose of a "scientific" classification of viruses, the theory will be briefly restated as follows.
Initial theory. The properties of a virus are determined by the sequence of purine and pyrimidine bases in its nucleic acid, which may be single-or double-stranded, and of the deoxypentose or pentose type. During replication in a susceptible cell, the viral nucleic acid is exposed, copied by a process involving pairing of complementary bases, and translated into polypeptides with or without transcription into one or more The possible relationships among different viruses can now be defined with respect to the initial theory. It is convenient first to define terms which describe the relationship between the information contents of nucleic acids. Two codons are isosemantic if they specify the same amino acid in a polypeptide (91) . Two The object of this preliminary classification is to identify groups of viruses for each of which it is reasonable to propose the hypothesis that all members are homologous with one another. Also included will be some groups consisting of one virus, which is proposed as not being homologous with any other virus in the classification.
It is hoped that these hypotheses will then be tested by nucleic acid hybridization experiments and comparison of nearest-neighbor base frequencies.
The initial theory suggests that groups of viruses have similar properties because their nucleic acids are partially equisemantic, but does not account for the occurrence of equisemantic nucleic acids. In higher organisms, classifications based on homology agree with those based on phylogeny. The probability of chance homology is very low, and it could be proposed that homologous viruses have a common phylogeny. This theory would give a more informative account of the distribution of properties among different groups of viruses, but at present it is not directly testable.
Base sequences in nucleic acids cannot be determined yet. However, the base ratios and molecular weights of viral nucleic acids are crude but unbiased functions of the information contents of these molecules, can be determined experimentally, and are more relevant to the initial theory than are phenotypic properties. A preliminary classification of some viruses was therefore attempted, the molecular weights and base ratios of the viral nucleic acids being used as the characters.
This approach has several disadvantages, the most serious of which is coincidence of molecular weights and base ratios of heterologous nucleic acids resulting in overlapping of values among different groups. Another problem is the difficulty of comparing viruses which have doublestranded nucleic acids with those which have single-stranded nucleic acids. To avoid a convential division of viruses along these lines, it is proposed that no virus with single-stranded nucleic acid is homologous with any virus with double-stranded nucleic acid, and these viruses will be treated separately unless the hypothesis is disproved experimentally. This analysis will not detect homology between two viruses with nucleic acids that differ greatly in molecular weight, the smaller being partially equisemantic with a short section of the larger. The degree of homology between such viruses would be low; it could be detected by molecular hybridization, but the result would be asymmetric in reciprocal tests.
When comparing viruses with single-stranded nucleic acids, it is assumed that the input (+) strand, and not its complementary (-) strand, specifies the sequence of amino acids in the viral proteins. This hypothesis may be untrue for some groups of viruses, or some cistrons may be read from the + and some from the -strand.
Because the simplest hypothesis has not been disproved, the unmodified data on the + strands were used in the analysis.
Computer programs. Computer-based classification techniques were used to calculate the differences between the characters for all possible pairs of viruses, and to sort the viruses into clusters in which these differences are minimal. The distance function used was the nonmetric coefficient (NMC) of the MULTIST program, and dendrograms were produced by use of flexible sorting, with a, = 0.625, a2 = 0.625, 3 = -0.25 and y = 0 (40, 41, 88 (SPSO)  03  SP3  T2  T4  T6  TIV   19a  19a  19b  19b  20  21a  21b  22  23a  23a  23a   23a  23a  23a  23a   23a   23b  23b  23b  23b  23b  23b  23c  23c  24  24  25a  25a  25b  25b  26  27   28a  28a  28a  28b   28c   28c  29  30a   30ad   30bd  31  31  32  32  32 The computer was used to process the data in a way which has been profitable in the construction of class hypotheses. The analysis does not yield a unique solution, and it is necessary to consider whether each cluster or group of clusters is meaningful in the light of existing nucleic acid hybridization experiments, serological cross-reactions, and phenotypic properties of the viruses concerned. Two types of anomaly are likely to occur in the dendrograms; clusters may be formed from entities which are alike only in their dissimilarity from members of all other clusters, and atypical members of a group may be assigned to a neighboring cluster which is widely separated at higher levels of the classification. Such anomalies occur in all computer-based classification, and, since the computer was used as an aid in the construction of class hypotheses rather than to produce a final and binding solution, there is no compulsion to accept meaningless clusters and propose class hypotheses for them. Table 2 lists references for the relationships indicated in Fig. 2, 4 , and 6. e Groups listed together are not related, but data on relationships within the groups are reported in the same reference. The proposed virus groups are indicated in Fig. 2, 3, Table la , and data for viruses with double-stranded nucleic acids, in Table lb . For convenience, viruses are arranged in groups proposed as a result of analysis of the data. Determination of all the characters is subject to experimental error, and, in addition, there are uncertainties in relating sedimentation coefficients of nucleic acids to molecular weight, particularly for the single-stranded forms. In some cases, molecular weights have been recalculated from experimental results or refer to chemical determination of the mass of nucleic acid per virus particle. Base ratios have been reported for the nucleic acid of each virus strain listed, but in a few cases the molecular weight of the nucleic acid of one strain has been assumed to apply to other strains of the same virus [e.g., the molecular weight of influenza virus RNA (1) is that reported for strain PR8]. Abbreviations of virus names are also listed in Table la In deciding whether to propose a group hypothesis for viruses which are clustered in the computer output, published nucleic acid hybridization experiments were considered, along with serological cross-reactions, which were taken to imply homology in at least one cistron. References to these data are listed in Table 2 . When no results of this type were available, group hypotheses were not proposed for clusters of viruses which differ greatly in their phenotypic properties, because such differences suggest that the viruses are not homologous in spite of gross similarity in their nucleic acids. The phenotypic properties considered were those which have been used in conventional classifications (4, 26).
Results and Discussion
Viruses which contain single-stranded nucleic acid. Analysis of the data according to two programs is shown in Fig. 1 and 2 . Figure 1 is a photograph of a three-dimensional map in which each virus is plotted according to its co-ordinates in the first, second, and fourth of the five dimensions available in the computer output (Program: Fig. 2 and Table la. Of these, groups 0 (TYMV), 1 (M13, fd), 2 (4>X), 5 (NDV), 6 (flu), 9 (TMV), 10 (potato X), 11 (Sindbis), and 13 (RNA phages) were recognized as families or subfamilies in the proposals of the PCNV, although it is doubtful whether group 1 [highly anisometric bacteriophages which contain cyclic singlestranded deoxyribonucleic acid (DNA)] should have been included in the class Deoxycubica. Group 7 consists of enveloped viruses with helical nucleocapsids which contain 12 to Fig.2 ; hom, homology presumedfrom nueleic acid hybridization (Table 2) . RNA, but this does not extend to coxsackieviruses in the A group; these possible relationships are indicated in Fig. 2 and Table la.
The only experimental investigation of homology among viruses which contain single-stranded nucleic acid showed (86) that the RNA of MS2 (group 13) hybridizes with that of f2 (group 13) but not with RNA from Q$ (group 3) or TMV (group 9)
Viruses which contain double-stranded nucleic acid. Viruses which contain double-stranded nucleic acids can immediately be placed in groups which form clusters on a simple plot of molecular weight against moles per cent guanine plus cytosine (G + C) in the nucleic acid (Fig. 3) . There are some anomalies in a dendrogram produced by use of flexible sorting according to NMC (Fig. 4) , but most of the viruses which form clusters in Fig. 3 and 4 are related by nucleic acid hybridization (hom) and serological cross-reaction (S) and have similar phenotypic properties (P). The Comparisons between viruses which contain single-stranded and double-stranded nucleic acid. We have proposed the hypothesis that no virus which contains single-stranded nucleic acid is homologous with any virus which contains double-stranded nucleic acid. The experimental values for viruses which contain double-stranded nucleic acids were compared with the molecular weights and base ratios expected for the doublestranded equivalents of single-stranded viral nucleic acids (Fig. 5) . The only viruses for which the hypothesis is at all likely to be untrue are polyoma and coxsackievirus A9, and Shope papilloma and coxsackievirus AIO. Even in these cases the phenotypic differences are marked, and there seems to be no reason to reject the hypothesis unless experimental evidence of homology is obtained.
Genetic heterogeneity of viruses. The conventional class of all viruses is extremely heterogeneous. Viral nucleic acids vary more than 100-fold in molecular weight and from 28 to 74% in G + C, which is as much as the variation in base ratios of bacterial DNA and very much more than the variation in base ratios of DNA from all other living things. Extreme variation in base ratios may be partly a consequence of the low molecular weight of viral nucleic acids, but even within groups of homologous viruses there is marked heterogeneity. The human adenoviruses (group 23) differ in their nucleic acids as much as mammals, or possibly all vertebrate animals (Fig. 6) . It is therefore dangerous to generalize from one group of homologous viruses to another, or to propose a general theory of the evolutionary origin of viruses. However, it may be profitable to propose that a particular group of viruses is homologous with a group excluded from the conventional class of viruses; there is already direct evidence that viruses of groups 25 (X) and 31 (43) 
